Magnon propagation length in a ferrimagnetic insulator yttrium-iron-garnet (YIG) has been investigated by measuring the YIG-thickness tYIG dependence of the spin Peltier effect (SPE) in a Pt/YIG sample. We succeeded to measure the high-resolution tYIG dependence of SPE by using the thermal imaging of SPE free from contamination by interference of infrared emissivity. Comparison between the experimental results and theoretical analyses demonstrates the existence of two propagation lengths for the magnon chemical potential and the magnon temperature.
I. INTRODUCTION
Interconversion between spin and heat currents has been extensively studied in the field of spin caloritronics [1, 2] . The spin Peltier effect (SPE) [3] [4] [5] [6] [7] [8] [9] , heat-current generation in response to spin-current injection, and the spin Seebeck effect (SSE) [10] , spin-current generation in response to heat-current injection, are fundamental phenomena of the spin caloritronics. These phenomena have often been studied using metal/ferrimagnetic-insulator Y 3 Fe 5 O 12 (YIG) junction systems [3, 4, 6, [10] [11] [12] [13] [14] , where the spin and heat currents are carried by electron spins in the metal and magnons in YIG [15] [16] [17] . Since YIG shows a long magnon propagation length in the order of micrometers [6, 12, 13, [16] [17] [18] [19] , it is favorable to utilize YIG for investigating a role of the magnons in the SPE and SSE.
One of the important parameters in spin caloritronics is the length scale of the SPE and SSE; these effects are characterized by length parameters, such as the magnon-spin diffusion length l m and the magnon-phonon thermalization length l mp [17, 19, 20] . These length parameters have been investigated by measuring discrete YIG-thickness t YIG dependences of the SPE and SSE by preparing several YIG devices with different t YIG [6, 12, 13, 18, 19] . These YIG films were prepared by the same growth technique in each experiment, such as liquid phase epitaxy (LPE) or sputtering. However, the devices contain variance of magnetic properties, such as a saturation magnetization and exchange stiffness constant, surface roughness, and crystallinity. These errors make it hard to analyze the fine t YIG dependence and obtain correct values of the length parameters.
In this letter, we measured SPE by using a single Pt/YIG junction with a t YIG gradient. The SPE induces temperature change corresponding to the local t YIG value, and we can extract the t YIG dependence of the SPE in terms of a temperature distribution. The temperature change was detected via an infrared light emission from the sample by means of the lock-in thermography (LIT) [4] . The LIT method allows us to visualize the t YIG dependence of the SPE in a single device. However, nonuniformity of the infrared emissivity contaminates the t YIG dependence. We overcame this problem by measuring the SPE and emissivity distributions in the same sample. We succeeded to obtain the high-resolution t YIG dependence of the SPE. Comparison between the experimental results and theoretical analyses confirms the existence of two propagation lengths l m and l mp for the SPE.
II. EXPERIMENTAL CONFIGURATION AND PROCEDURE
The SPE was measured for a Pt/YIG film with a gradient of the YIG thickness, ∇t YIG [ Fig. 1(a 
∇t YIG was introduced by obliquely polishing a singlecrystalline YIG (111) film grown by LPE on a singlecrystalline Gd 3 Fe 5 O 12 (GGG) (111) substrate. Since we introduced a gradual thickness change to a film with the size of 10 × 10 mm 2 , ∇t YIG is almost uniform in the measurement range of 1 mm [ Fig. 1(f) ]. The value of ∇t YIG along the y direction was obtained with a cross-sectional scanning electron microscope as 9.2 µm/mm [ Fig. 1(f) ]. After the polishing, a U-shaped Pt film with the thickness of 5 nm was sputtered on the surface of the YIG film. The longer lines of the U-shaped Pt were arranged parallel to the ∇t YIG direction [ Fig. 1(a),(d) ]. In the microscope image of the Pt/YIG/GGG sample in Fig.  1(d) , the yellow (gray) area above (below) the white dot- ted line corresponds to the YIG film with ∇t YIG (GGG substrate).
The SPE induces temperature modulation in the Pt/YIG/GGG sample in response to charge-current injection to the Pt film. When we apply a charge current, J c , to the Pt film as shown in Fig. 1(a) , a spin current is generated by the spin Hall effect in Pt [21, 22] and induces spin accumulation in the Pt film close to the Pt/YIG interface [15] . The spin accumulation interacts with the magnetization, M, in the YIG via the interfacial exchange coupling and induces a heat current across the Pt/YIG interface via the SPE. The heat current results in a temperature change, ∆T , which satisfies the following relation of the SPE [3, 4] : ∆T = (J c × M)·n, where n is the normal vector of the Pt/YIG interface plane. Significantly, the temperature change induced by the SPE is localized around the Pt/YIG interface in length scale of micrometers owing to the formation of dipolar heat sources [4, 6] . Therefore, the temperature change generated at each position on the YIG is not broadened within the scale of the spatial resolution of our infrared camera (∼ 10 µm). We can thus obtain local information of the spatial dependent SPE reflecting t YIG at each position. The t YIG resolution of our measurements is determined as 92 nm for the bare Pt/YIG/GGG sample by multiplying the t YIG gradient and the spatial resolution of our infrared camera. Measurements were also performed using a black-ink-coated Pt/YIG/GGG sample to obtain the uniform infrared emission property of the sample. The surface of the sample was coated with insulating black ink with a thickness of 20 − 30 µm, which mainly consists of SiZrO 4 , Cr 2 O 3 , and iron oxide-based inorganic pigments [4, 6] . Hereafter, we focus mainly on the bare Pt/YIG/GGG sample to obtain the precise thickness dependence of the SPE (note that the thick black-ink layer may reduce the spatial resolution of thermal images).
The t YIG dependence of the SPE can be obtained by visualizing distribution of the temperature change by means of LIT [4, [23] [24] [25] [26] [27] [28] . A rectangular a.c. charge current, J c , with the amplitude J 0 (∆J c ), frequency f , and zero (non-zero) d.c. offset (J 0 c ) was used as an input for the SPE (Joule heating) measurement [ Fig. 1(b) ,(c)]. By extracting the first harmonic response of the temperature change in the SPE (Joule heating) configuration, we can detect the pure SPE (Joule heating) signal free from other thermal effects [4, 6] . Here, the SPE induced temperature change ∆T 1f is defined as the component of ∆T oscillating in the same phase as J c because the SPE exactly follows the J c oscillation in the time scale of 1/f due to the quite fast response of the ∆T generated by the SPE [4, 6, 29, 30] . In the LIT measurement, we obtain the first harmonic component of the infrared light emission ∆I 1f caused by ∆T 1f . By calibrating ∆I 1f to ∆T 1f using an infrared emissivity, ǫ, of the sample, we obtain the temperature change induced by the SPE [4, 6] . All measurements of the SPE were performed under a magnetic field with a magnitude of 20 mT at room temperature and atmospheric pressure, where the magnetization of YIG aligns along the field direction at 20 mT. The sign of ∆I 1f is reversed when the charge current J c is reversed. These characteristics is consistent with the symmetry of the SPE and imply that the observed infrared signal comes from the SPE [3, 4] .
To focus on the t YIG dependence of the SPE, the y dependence of the ∆I 1f values is plotted in Fig. 2(c) , where the ∆I 1f values are averaged along the x direction in the area surrounded by the dotted line in Fig. 2(a) . The ∆I 1f value gradually increases with small oscillation in the t YIG dependence. The oscillation originates from the oscillation of the infrared emissivity ǫ of the sample due to multiple reflection of the infrared light in the YIG film [6] . To remove the oscillation in the t YIG dependence of the SPE, ǫ was measured by the LIT with the Joule heating configuration with ∆J c = 0.5 mA, f = 5 Hz, and J The t YIG dependence of ǫ (∝ A I ) is plotted in Fig. 2(c) , where the A I values are averaged along the x direction in the same area as that for the SPE signal. We found that ǫ and ∆I 1f show the similar oscillating behavior. By calibrating ∆I 1f by ǫ, we obtained the t YIG dependence of the temperature change ∆T 1f induced by the SPE [ Fig . By calibrating ∆I 1f with ǫ, we obtained the t YIG dependence of the temperature change ∆T 1f induced by the SPE [ Fig. 3(e) ]. We found that ∆T 1f monotonically increases with increasing t YIG even when the sample surface was coated with the black ink and the nonuniformity of the infrared light emissivity was removed.
The obtained t YIG dependence cannot be explained by a simple exponential approximation used in the previous studies on the SPE and SSE [6, 12, 13, 18] . Based on the simple assumption that the magnon diffuses in the YIG film with a magnon diffusion length l m , the simple exponential approximation has been used for the analysis of the t YIG dependence:
However, in general, this expression cannot be used for the small thickness region since the exponential function should be modulated by the boundary conditions for the spin and heat currents. In fact, when the experimental result is fitted by using Eq. (1), the fitting result shows significant discrepancy in small thickness regions t YIG < 4 µm as shown in Fig. 4 . The observed continuous t YIG dependence of the SPE thus requires advanced understanding of the spin-heat conversion phenomena. To discuss the t YIG dependence of the SPE, some phenomenological theories are available. Here, we focus on two theories referenced in Refs. [17] and [31] . Following these theories, we calculate the t YIG dependence of the SPE in the Pt/YIG/GGG system. The calculation was carried out by considering the following three processes: (i) spin current is generated by the SHE in Pt; (ii) the spin current is injected into YIG due to the interfacial exchange interaction; (iii) The spin current carries heat from Pt to YIG across the interface, and the resultant temperature distribution is calculated by solving diffusion equations for the spin and heat currents in the Pt/YIG system. The former two processes require the same calculation in the two theories, but the third process gives rise to different temperature changes in the different two theories due to the different heatgeneration conditions. In the theory in Ref. [17] , the authors assumed that the magnons in YIG locally fol- and
mp , where T p is the phonon temperature in YIG, and l m and l mp are the magnonspin diffusion length and the magnon-phonon thermalization length, respectively [17] . The spin and heat currents carried by magnons are defined as j m ∝ ∇µ m and j Q,m ∝ ∇T m , respectively. These formalisms mean that j m and j Q,m are characterized by different diffusion lengths in YIG [ Fig. 5(a) ]. According to Ref. [17] , l m is much longer than l mp due to the difference in scattering time scale of the magnon-conserving and magnon-nonconserving scattering processes. Under this assumption, heat current does not come to the YIG/GGG interface due to the short length scale of l mp , and the temperature distribution generated by the SPE is not affected by t YIG in the length scale of l m , although the magnitude of ∆T is determined by spin current at the Pt/YIG interface, [17] . µs, µm, Tm, Jm, JQ,m, tPt, tYIG, lm, and lmp are the spin accumulation, magnon chemical potential, magnon temperature, spin current, heat current carried by magnons, thickness of Pt and YIG, magnon diffusion length, and relaxation length for µm and Tm, respectively. (b) The calculation model for the SPE described in Ref. [31] . H * , JM, Jq,M, and lM are the non-equilibrium component of the magnetic field, magnetization current, heat current carried by H * , and diffusion length of H * in YIG, respectively. j int . Then, by solving the above diffusion equations, we obtain the t YIG dependence of ∆T (see Appendix section for more details):
where C is a t YIG -independent constant used as a fitting parameter in our analysis. On the other hand, in Ref. [31] , the authors proposed a theory based on nonequilibrium thermodynamics, where magnetization and heat currents are induced by a non-equilibrium component of the magnetic field H * . H * follows the diffusion equation
, where l M is a diffusion length [ Fig. 5(b) ]. The magnetization and heat currents are induced by the gradient of H * and the local temperature T . The authors assumed that the heat current carried by magnons j q,M is proportional to the spin currents j M : j q,M = ǫ M j M , where ǫ M is the absolute thermomagnetic power coefficient [31] . Under the formalisms, the t YIG dependence of the SPE is obtained by solving the above diffusion equation and a heat diffusion equation (see Appendix section for more details):
where D is a t YIG -independent constant used as a fitting parameter in our analysis. Figure 4 shows the experimental results of the t YIG dependence of the SPE and fitting curves based on Eqs. (2) and (3). We found that Eq. (2) shows the best agreement with the experimental result and l m is estimated to be 3.9 µm and 4.0 µm for the bare and black-inkcoated samples, respectively. In contrast, Eq. (3) cannot explain the experimental result in most thickness range t YIG < 4 µm and gives a shorter magnon diffusion length of 0.6 µm for both samples. Since the essential difference between the theories in Refs. [31] and [17] is whether the length scales of the spin and heat currents are same or not, these fitting results show that the spin and heat currents carried by magnons in YIG have different length scales, l m and l mp . Significantly, l m ≫ l mp is necessary for deriving Eq. (2). If l m ∼ l mp , the theory in Ref. [17] gives t YIG dependence written not in Eq. (2) but in Eq. (3), which cannot reproduce the experimental result. On the other hand, the theory in Ref. [17] can derive Eq. (2) by assuming that magnetization current flows much longer than that of magnetic heat current. Therefore, we conclude that spin current carried by magnons can flow much longer than that of heat current carried by magnons in YIG.
In the recent study on the SSE in Ref. [19] , the authors reported non-monotonical increase of the SSE signal with t YIG . Since the SSE signal takes a local maximum at t YIG ∼ l mp , they estimated l mp as 250 nm from the maximum point. However, in our Pt/YIG sample, the SPE signal monotonically increases with increasing t YIG . These results suggest that l mp is shorter than the t YIG resolution of 60 nm for our YIG sample. The conclusion is consistent with the theoretical expectation l mp ∼ 1 nm [17] .
IV. CONTINUOUS tYIG DEPENDENCE OF THE SSE
To check the reciprocity between the SPE and SSE [32] , we also measured the t YIG dependence of the SSE by using a Pt/YIG/GGG sample with a t YIG gradient. The YIG film used in the SSE measurement was not the same as that in the SPE measurements but it was obtained from the same YIG/GGG substrate. By obliquely polishing the surface of the YIG/GGG substrate, we obtained the YIG film with the t YIG gradient of 12.2 µm/mm [ Fig.  6(c) ]. After the polishing, a Pt film with the thickness of 50 nm was sputtered on the surface of the YIG film [Figs. 6(a) and (d)]. Because magnetic properties of the YIG film was similar to these of the YIG film used in the SPE measurements, the reciprocity between the SPE and SSE can be checked by using the Pt/YIG/GGG sample.
To obtain the t YIG dependence of the SSE, the SSE voltage was measured in the Pt/YIG/GGG sample by means of a micro-focused laser heating method [33] [34] [35] . As shown in Fig. 6(a) , a laser with the wavelength of 1.3 µm and the diameter of the laser spot of 5.2 µm was focused on the sample surface to generate a spin current across the Pt/YIG interface. The spin current is converted into a charge current via the inverse spin Hall effect in Pt [22] and was detected as an electrical voltage. While this method enabled the measurement of the local SSE voltage near the laser spot, the spatial resolution was larger than the laser spot size because the temperature gradient is broadened in the sample owing to the heat diffusion. To avoid the reduction in spatial resolution, we adopted a lock-in technique in the laser SSE measurement, where the laser intensity was modulated in a periodic square waveform with frequency f = 5 kHz and we measured the thermal voltage V 1f oscillating with the same frequency as that of the input laser [ Fig. 6(b) ]. This lock-in technique realized high spatial resolution for the SSE measurement because the heat diffusion cannot follow the oscillation of the laser intensity. Here, we defined the SSE voltage V SSE as [V 1f (+50 mT) − V 1f (−50 mT)] /2 to remove magneticfield-independent experimental artifacts. By scanning the position of the laser spot on the sample, we visualized the spatial distribution of the SSE voltage with high spatial resolution of 5.2 µm. Figure 6 (e) shows the experimental results for the SSE measurement. In response to the laser heating, the clear voltage signal appeared in the Pt film. The t YIG dependence of the SSE signal is plotted in Fig. 6(f) , where the V SSE values were averaged along the x direction in the area surrounded by the dotted line in Fig. 6(e) . The SSE signal monotonically increases with increasing t YIG . Significantly, the t YIG dependence of the SSE demonstrated the same behavior as the SPE [ Fig. 6(f) ]. This result supports the reciprocity between the SPE and SSE and strengthens our conclusion in the SPE measurements.
V. CONCLUSION
In conclusion, we revealed the length scale of the spin and heat transport by magnons in YIG by measuring the t YIG dependence of the SPE in the Pt/YIG sample. This measurement was realized by using the YIG film with the t YIG gradient and the LIT method, which allows us to obtain the continuous t YIG dependence of the SPE in the single Pt/YIG sample. We found that the experimental result is well reproduced by assuming that the spin current flows much longer than that of the heat current carried by magnons in YIG. We also measured the t YIG dependence of the SSE and found that the SPE and SSE demonstrate the same behavior in the t YIG dependence. This understanding gives crucial information to understand the physical origin of the spin-heat conversion phenomena.
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APPENDIX: THEORETICAL DESCRIPTION OF tYIG DEPENDENCE OF SPE
To analyze the t YIG dependence of the SPE obtained from the experiments in the bare and black-ink-coated Pt/YIG/GGG samples, we introduced two phenomenological theories for the SPE, which can quantitatively derive its t YIG dependence. Here, we considered a junction comprising a Pt film with a thickness of t Pt , a YIG film with a thickness of t YIG , and a GGG film with a thickness of t GGG as illustrated in Figs. 5 and 7.
A. The tYIG dependence of the SPE based on Ref.
[17]
In Ref. [17] the authors formulated the SSE and SPE based on the Boltzmann theory for magnons in a ferromagnetic insulator. In this formalism, the nonequilibrium distribution of the magnons (spins) in YIG (Pt) is described by the Bose-Einstein distribution with the magnon chemical-potential µ m and magnon temperature T m (the spin accumulation µ s and electron temperature T e ) [ Fig. 5(a) ]. The authors derived that the spin and heat currents in YIG (Pt) are driven by the gradients of µ m and T m (µ s and T e ), respectively, and constructed theories for the SSE and SPE.
In the YIG film, the linear-response relations for the magnon spin current j m and heat current carried by magnons j Q,m are derived from the Boltzmann equation for the magnons [17] :
where e, , σ m , κ m , L, and T p are the electron charge, Planck constant, magnon spin conductivity, magnonic heat conductivity, bulk spin Seebeck coefficient, and phonon temperature, respectively. By combining these equations with the continuity equation for j m and j Q,m , the diffusion equations for µ m and T m can be derived [17] :
where α µ = eL/(k B σ m T p ) and α T = k B L/(2eκ m ) are the measures for the relative ability of the chemical potential and temperature gradients to drive the spin current and magnon heat current, respectively. l m , l mp , l ρT = l m / √ α µ , and l Qµ = l m / √ α T are the magnon spin diffusion length, magnon-phonon relaxation length, magnon spin-heat relaxation length, and magnon heatspin relaxation length, respectively. Here, we assumed that L is negligibly small: α µ ≪ 1 and α T ≪ 1 [36] . Then, we obtained the simple diffusion equations:
Because Eq. (4) leads to j m ∝ ∇ z µ m and j Q,m ∝ ∇ z T m , these diffusion equations indicate that j m and j Q,m diffuse in the length scales of l m and l mp , respectively. The authors claimed that l m is much longer than l mp owing to difference in time scale of the magnon-conserving and magnon-non-conserving scattering processes [17] .
In the Pt film, the spin current j s perpendicular to the Pt/YIG interface and the charge current j c flowing in the Pt film satisfy the following equation [17] :
where σ e and σ SH are the electrical conductivity and spin Hall conductivity, respectively. σ ′ e is defined as
2 . Here, we considered the relaxationtime approximation for the spin current: ∇ z 2e j s = µ s /τ s , where τ s is the relaxation time. From these equations, the diffusion equation for µ s can be derived:
where the spin diffusion length l s is defined as σ ′ e τ s /2. By using the above equations for the spin and heat currents, we calculated the temperature change ∆T SPE induced by the SPE. In this formalism, because l mp ≪ l m , the heat source generated in YIG by the SPE is confined in much shorter length scale than the magnon diffusion length of micrometers. Significantly, under this assumption, the heat source distribution induced by the SPE is not affected by t YIG when t YIG ≫ l mp . In addition, the temperature distribution is also not affected by t YIG when t YIG ≫ l mp , because the temperature change in the Pt/YIG sample appears at the Pt/YIG interface due to the interfacial heat resistance as shown in Fig.  7(a) [4, 6] . The SPE is only affected by the amplitude of the heat sources near the Pt/YIG interface, which is proportional to the spin current at the Pt/YIG interface j int : ∆T SPE ∝ j int . To obtain j int , we need to solve the diffusion equations [Eqs. (6) , (9)]. As the boundary conditions for the diffusion equations, we assumed that the spin current does not flow at z = t Pt and −t YIG , j s and j m are connected continuously at the Pt/YIG interface, and j int is proportional to the difference between µ s and µ m at the Pt/YIG interface: j s (t Pt ) = 0, j m (−t YIG ) = 0, j s (+0) = j m (−0), and 
Finally, from the proportional relation between ∆T SPE and j int , we obtained the temperature change generated by the SPE:
where C is a t YIG -independent constant.
B. The tYIG dependence of the SPE based on Ref. [31] In Ref. [31] , the authors formulated the SSE and SPE based on non-equilibrium thermodynamics. In this formalism, a non-equilibrium parameter in materials was described by a non-equilibrium component of the magnetic field defined as H * = H − H eq , where H and H eq are the magnetic field and equilibrium magnetic field, respectively. The system is also characterized by the position-dependent temperature T . The authors derived that magnetization and heat currents are driven by the gradients of H * and T and constructed theories for the SSE and SPE.
In the YIG film, the magnetization current j M and heat current j q are described by the following equation [31] :
Numerical simulations of the temperature change, ∆T , induced by dipolar heat sources in a one-dimensional model of a Pt/YIG/GGG junction. The bottom of the GGG substrate and top of the Pt film are in contact with the heat bath and air, respectively. As a simple model for the SPE, we set a dipolar heat source, ±Q, near the Pt/YIG interface. The positive (negative) heat source +Q (−Q) is uniformly placed in Pt (an area with a thickness, tQ, in YIG). tPt = 5 µm, tYIG = 100 µm, and tGGG = 500 µm are the thicknesses of Pt, YIG, and GGG, respectively. We set interfacial heat resistances to the Pt/YIG and YIG/GGG interfaces. The details of calculation conditions are mentioned in Refs. [4] and [6] . ∆TSPE (∆TYIG) is defined as the temperature change between the top of Pt and bottom of GGG (the top and bottom of YIG). (a) Spatial profile of ∆T when tQ is set to 5 nm, which corresponds to the physical picture derived from Ref. [17] . (b) Spatial profile of ∆T when tQ is set to 500 nm, which corresponds to the physical picture derived from Ref. [31] .
By using the above equations for the magnetization and heat currents, we calculated the temperature change ∆T SPE induced by the SPE. In this formalism, because j q,M is proportional to j M , the heat source generated in YIG by the SPE is broadened in the length scale of the magnon diffusion length of micrometers. In contrast, the heat source generated in Pt is confined in the thin Pt film with the thickness t Pt of 5 nm in our experiment. In this condition, the temperature change in the Pt/YIG sample practically appears in YIG [ Fig. 7(b) ]. Therefore, we assumed that ∆T SPE ≃ ∆T YIG , where T YIG is the temperature change generated in the YIG film [see a numerical calculation result shown in Fig. 7(b) ]. Then, we can calculate ∆T SPE by the following equation:
where Eq. (13) was used. To obtain j M , we need to solve the diffusion equations [Eqs. (15) , (17)]. As the boundary conditions for the diffusion equations, we assumed that the magnetization current does not flow zero at z = t Pt and −t YIG , and H * and j M are continuous at the Pt/YIG interface: j M (t Pt ) = 0, j M (−t YIG ) = 0, H * (+0) = H * (−0), j M (+0) = j M (−0). Under these boundary conditions, j M is calculated as the following equation [31] :
where r 12 = (l 
where D is a t YIG -independent constant. In the main text, we replaced the symboll YIG with l m for simplicity.
